The purpose of the current study was to develop an objective tool based on dual-task performance for screening early-stage Alzheimer's disease (AD) and mild cognitive impairment (MCI of the Alzheimer's type). Dual-task involved a simultaneous execution of a sensor-based upper-extremity function (UEF) motor task (normal or rapid speed) and a cognitive task of counting numbers backward (by ones or threes). Motor function speed and variability were recorded and compared between cognitive groups using ANOVAs, adjusted for age, gender, and body mass index. Cognitive indexes were developed using multivariable ordinal logistic models to predict the cognitive status using UEF parameters. Ninety-one participants were recruited; 35 cognitive normal (CN, age = 83.8 ± 6.9), 34 MCI (age = 83.9 ± 6.6), and 22 AD (age = 84.1 ± 6.1). Flexion number and sensor-based motion variability parameters, within the normal pace elbow flexion, showed significant between-group differences (maximum effect size of 1.10 for CN versus MCI and 1.39 for CN versus AD, p < 0.0001). Using these parameters, the cognitive status (both MCI and AD) was predicted with a receiver operating characteristic area under curve of 0.83 (sensitivity = 0.82 and specificity = 0.72). Findings suggest that measures of motor function speed and accuracy within a more practical upper-extremity test (instead of walking) may provide enough complexity for cognitive impairment assessment.
Methods

participants. Participants were recruited from the Banner Sun Health Research Institute (BSHRI) from
September 2017 to May 2018. Eligible participants from the BSHRI cohort were vetted by the clinic director (KO) to assure eligibility for participation. Then they received a pre-clinic phone call or an in-clinic opportunity to discuss the study and enrollment process. Written informed consent according to the principles expressed in the Declaration of Helsinki 24 was then obtained from eligible subjects before participation. The study was approved by the University of Arizona Institutional Review Board. Participants were selected and stratified into three categories of cognitive status including cognitive normal (CN), MCI of the Alzheimer's type, and early-stage AD. The clinical diagnosis of cognitive status happened within a time-window of six months prior to study measurements, based on the National Institute of Aging -Alzheimer's Association (NIA-AA) criteria 25, 26 . Cognitive groups were frequency matched (controlled distributions) on age categories and gender to assure equivalent age and gender distribution. Inclusion criteria were: (1) age of 65 years or older; (2) ability to understand study instructions; and (3) English language proficiency. Exclusion criteria were: (1) diagnosed diseases associated with severe motor performance deficits including stroke or Parkinson's disease; (2) severe speech disorders; and (3) severe upper-extremity disorders, including elbow bilateral fractures or rheumatoid arthritis.
Clinical measures. Neuropsychological tests were conducted as a part of prior diagnostic assessments (within a time-window of six months prior to study measurements) or collected during the study data collection. Of note, the association between UEF and neuropsychological tests is beyond the scope of the current paper and is investigated in another study. Here, only associations between UEF dual-task performance with MoCA 27 and the Mini-Mental State Examination (MMSE) 28 were investigated. In addition to neuropsychological tests, we collected the following clinical measures: (1) frailty (the Fried Index) 29 ; (2) comorbidity (Charlson comorbidity score (CCI)) 30 ; and (3) depression Patient Health Questionnaire (PHQ-9) 31 . These three clinical measures were added as potential confounding factors in dual-task performance. Physical frailty was assessed to check differences in function between groups, since the proposed cognitive measurement is based on motor function performance. Comorbidity was measured as it is associated with an increased risk of cognitive impairment 32 . Finally, we assessed the level of depression at the time of the measurement, to take into account its potential confounding effect on dual-task performance. We measured depression, since results from a recent systematic review revealed significant cognitive deficits in executive function, memory, and attention in patients with depression, compared to healthy individuals 33 . UEF cognitive assessment protocol and outcomes. After completing questionnaires, each participant performed the UEF elbow flexion test with the dominant arm. The UEF task consists of six trials, including a full-combination of two speed of elbow flexion (rapid and normal self-selected pace) and three cognitive conditions (no counting, counting backward by ones, and counting backward by threes starting from a random two-digit number) (Fig. 1) . Within the rapid pace, the participant flexed and extended the elbow as quickly as possible in 20 seconds. Within the self-selected pace, participants performed the task as consistently as possible in 60 seconds. We considered speed and consistency to represent delay and accuracy aspects of dual-tasking, as they have been related to cognitive aging 7 . The order of six UEF trials was randomized to minimize confounding fatigue and learning effects. To better represent the natural environment for daily activities, there was no instruction to prioritize either the physical or the counting task 12, 34, 35 . The cognitive task of counting numbers was selected as it involves working memory 36 and, therefore, is related to executive functioning, compared to other tasks such as naming objects/animals 12, 37, 38 . Counting is also a rhythmic task that greatly interferes with the rhythmicity of repetitive elbow flexion 38, 39 . Before measurements, participants were equipped with the UEF system. A tri-axial wearable gyroscope and accelerometer sensor (sample frequency = 100 Hz, BioSensics LLC, Boston, MA, USA), was attached to the upper arm near the biceps and one to the wrist, both on one arm, using a band attached with Velcro, to estimate three-dimensional angular velocity of the upper-arm and forearm, and ultimately elbow flexion (Fig. 1) .
Several outcome measures representing kinematics of the elbow flexion were derived using angular velocity. To extract the outcome measure, the angular velocity signal from the sensors were filtered to remove drifting (first order high pass butter-worth filter with a cutoff of 2.5 Hz), and using a peak detection algorithm maximum and minimums of the angular velocity signal, and subsequently, elbow flexion cycles were detected. Accordingly, UEF outcome measures were calculated, including: (1) speed; (2) rise time; (3) range of motion (ROM); (4) speed variability; (5) ROM variability; (6) flexion variability; and (7) flexion number (for definition of each parameter see Table 1 ). Of note, all the above outcomes can be calculated using an in-home MATLAB app, within less than 1 minute. These parameters were selected to present alterations in motor function execution speed and accuracy within dual-tasking, based on our previous investigations and gait dual-task studies among dementia pat ients 12, 17, 18, 40, 41 . Using these parameters, changes in motor function due to the cognitive task were determined, which included: (1) agility (speed, rise time, and flexion number, which are analogous to gait speed, stride time, and cadence); (2) flexibility (ROM, which is analogous to step length); and (3) variability (speed, ROM, and flexion variability, which are analogous to gait speed, step length, and gait cycle time variability). To assess changes in the above parameters in an individual's performance from a single to a dual-task, dual-task "cost" was measured for each parameter as the percentage of change within two conditions.
To assess the secondary cognitive task performance (i.e., counting numbers), the number of correctly counted numbers and the number of mistakes within each arm test were considered as outcomes. These parameters represent the speed and accuracy of the secondary task within the dual-task condition 42 . statistical analysis and cognitive index development. Analysis of variance (ANOVA) models were used to evaluate the differences in all of the demographic and clinical parameters between three cognitive groups (i.e., CN, MCI, and AD), except gender, comorbidity, and frailty prevalence; chi-square χ 2 tests were used to assess gender and comorbidity categories differences, and the Fisher's exact test was used to assess frailty prevalence differences between cognitive groups.
UEF parameters for all six conditions as well as UEF dual-task cost variables were compared between groups using ANOVA models (CN vs. MCI, MCI vs. AD, and CN vs AD); age, gender, and body mass index (BMI) were www.nature.com/scientificreports www.nature.com/scientificreports/ considered as covariates and Cohen's effect size (d) was estimated. Post-hoc Tukey's honest significant difference tests were performed for three pairwise comparisons between the cognitive groups. Of note, age, gender, and BMI were selected as adjusting variables, since they have been previously associated with AD and, in general, dementia. Women are expected to have a higher risk of developing AD compared to men 43 . BMI as a common measure of nutritional status was considered as an adjusting variable, since BMI < 25 kg/m2 is associated with the risk of moderate-severe cognitive impairment 44 . Further, there is evidence that excess weight may adversely affect executive function, attention, memory, and the overall cognition 45 . Two types of UEF cognitive indexes were developed similar to previous work 15 . The first index (UEF cognitive categorical index) was developed to predict three cognitive groups including CN, MCI, and AD (per participant categories within this study). Multivariable ordinal logistic models with the cognitive status as the dependent variable, and UEF parameters plus demographic information (i.e., age, gender, and BMI) as independent variables were used to develop the UEF categorical index (see Supplementary Information 1 for details regarding UEF categorical cognitive index and the cross-validation process). We tested the proportional odds assumption for ordinal logistic regression models using an approximate likelihood-ratio test of whether the coefficients are equal across categories.
To develop the second UEF index (UEF cognitive score) parameters selected from the categorical index were used, following methods developed for the Framingham cardiovascular risk score 46 . Cut-offs and weight for each of UEF parameter were determined based on mean values for each frailty group and parameter estimates from the categorical logistic models. The UEF cognitive score (from 0: CN to 1: AD) for a given participant was defined as the sum of points corresponding to performance results from UEF dual-task test (see Supplementary Information 2 for details regarding UEF cognitive score).
Finally, the association between UEF score with MoCA and MMSE were assessed using the Pearson correlation (and Spearman's rank if not normally distributed).
The datasets generated during and/or analyzed during the current study are available from the corresponding author on reasonable request.
Power calculation. The power calculation for this study was based on our previous work among 10 cognitively impaired and 57 cognitively intact participants 18 . We observed comparisons of impaired vs intact for UEF dual-task speed 864.81 ± 299.91 vs 455.05 ± 237.20 deg/s, UEF dual-task speed variability 16.30 ± 8.24 vs 41.75 ± 18.52%, and UEF dual-task ROM 100.58 ± 29.26 vs 73.60 ± 28.91 deg. Based on the variation observed in dual-task performance measures, a sample size of 30 per group (alpha = 0.05) was expected to provide 80% power to detect a difference of: (1) 200 deg/s for speed; (2) 11% for speed variability; and (3) 21 deg for ROM. Because these detectable differences were substantially below those observed in the pilot data, we expected to have adequate power to detect differences for at least these parameters between MCI and controls and between early-stage AD and controls. Of note, we observed significant differences between these parameters in our study; however, different UEF parameters emerged as the most explanatory independent variables and eventually were used in the UEF indexes.
Results
participants. Ninety-one participants were recruited, including 35 CN (age = 83.8 ± 6.9), 34 MCI (age = 83.9 ± 6.6), and 22 AD (age = 84.1 ± 6.1) older adults. Of note, no participant was excluded because of incapability to perform the UEF test. Age, gender, height, and weight were not significantly different between these groups (p > 0.41, Table 2 ). Frailty status, and comorbidity and depression scores were also not significantly different between cognitive groups (p > 0.08, Table 2 ).
UEF dual-task performance among cognitive groups. ANOVA results showed significant differences in executing motor function between cognitive groups, especially within dual-task trials (Fig. 2) . On average among two dual-task difficulties and two motor task conditions, flexion number demonstrated the largest overall effect size for between CN and MCI group comparisons (average effect size = 0.83 ± 0.23; max effect size = 1.10), and between CN and AD group comparisons (average effect size = 1.20 ± 0.18; max effect size = 1.38). For MCI and AD group comparisons, ROM variability showed, on average between all conditions, the largest overall effect size (average effect size = 0.55 ± 0.16; max effect size = 0.69).
Within the single-task trials with no cognitive task, significant differences were only observed in the agility parameters of elbow flexion, and not flexibility and variability (Tables 3 and 4 ). The overall effect sizes for all www.nature.com/scientificreports www.nature.com/scientificreports/ between group comparisons were 0.40 ± 0.20, 0.14 ± 0.08, and 0.25 ± 0.16 for agility, flexibility, and variability parameters, respectively, within the single-task condition. Differences between UEF parameters among the three cognitive groups were more noticeable within dual-task conditions; significant differences were observed for all motor function categories, including agility, flexibility, and variability of elbow flexion. The overall effect sizes for all between group comparisons were 0.57 ± 0.30, 0.23 ± 0.13, and 0.46 ± 0.30 for agility, flexibility, and variability parameters, respectively, within the dual-task counting backward by ones. The corresponding effect size values were further increased to 0.70 ± 0.42, 0.38 ± 0.15, and 0.67 ± 0.32 within the dual-task counting by threes.
Comparing dual-task trials between normal and rapid flexion condition, between groups differences in motor function agility were more pronounced within rapid elbow flexion (average effect size = 0.68 ± 0.33) compared to normal speed flexion (average effect size = 0.41 ± 0.34). On the other hand, flexibility of flexion and motor function variability were more noticeably different between cognitive groups when participants were asked to do the UEF test as consistently as possible (average effect size = 0.65 ± 0.29 for flexibility and average effect size = 0.77 ± 0.33 for variability) rather than rapidly (average effect size = 0.37 ± 0.16 for flexibility and average effect size = 0.41 ± 0.30 for variability).
Among dual-task cost parameters, rise time, flexion number, and flexion variability showed significant between group differences within the cognitive task of counting backward by threes (average effect size = 0.49 ± 0.37 and 0.44 ± 0.37 for normal and rapid elbow flexion, respectively). Overall, similar to our previous findings 17 , we observed higher effect sizes and less between-subject variability within dual-task trials compared to dual-task costs, and therefore, we used dual-task variables for further UEF cognitive index development.
UEF cognitive index.
Based on graph inspections and Shapiro-Wilk tests, UEF parameter distributions appeared normal, with the exception of rise time, for which logarithmic transformation was used to provide normal distribution. Within rapid flexion and counting backward by threes, univariate logistic models revealed that www.nature.com/scientificreports www.nature.com/scientificreports/ all UEF parameters were significantly associated with the cognitive status (p < 0.03), except for ROM (p = 0.46). For rapid flexion with the easier cognitive task of counting backward by ones, in addition to ROM, speed and flexion variability were also not significantly associated with the cognitive status (p > 0.15). Within the normal flexion condition, for both cognitive task difficulty, all UEF variables were significantly associated with cognition status (p < 0.001), except for ROM and speed parameters (p > 0.06).
A forward stepwise approach for selection of UEF parameters as independent variables resulted in flexion number and ROM variability as included parameters under rapid flexion condition, and additionally flexion variability under normal self-selected pace flexion condition (Table 5) . Age, gender, and BMI, as well as parameters related to cognitive task performance were not included in the models, since, in addition to UEF parameters, they were not significantly associated with the cognitive status. Using the model with the whole sample, highest values for receiver operating characteristic (ROC) area under curves were achieved within normal self-selected pace UEF (ROC area under curve of 0.83 in predicting MCI and AD for both cognitive conditions, Table 5 ). Accordingly, we performed the 10-fold cross validation only for UEF normal speed tests. Results from 10-fold cross-validation for normal pace counting backward by ones showed mean values of 0.83 ± 0.01 and 0.83 ± 0.02 for ROC area under curve for MCI and AD prediction within the training sets, and sensitivity and specificity of 0.77 ± 0.17 and 0.71 ± 0.23 for predicting cognitive impairment (MCI and early AD) within the testing sets, respectively. Corresponding values were 0.83 ± 0.03 and 0.82 ± 0.03, 0.80 ± 0.21 and 0.75 ± 0.21 for normal pace elbow flexion while counting backward by threes. Using the ordinal logistic regression models, two probability equations (categorical cognitive indexes) were derived for each of normal pace UEF tests, from parameter estimates (Supplementary Information 1) . Similarly, two UEF cognitive scores were established for each normal self-selected pace UEF tests (Supplementary Information 2) . Results showed significant correlation between the UEF cognitive score with both MoCA and MMSE (p < 0.0001, r = 0.61 for MoCA and r = 0.42 for MMSE on average). www.nature.com/scientificreports www.nature.com/scientificreports/ Discussion UEF cognitive index for screening alzheimer's disease. As hypothesized, we were able to discriminate MCI and AD with maximum sensitivity and specificity of 0.82 and 0.72 (ROC area under curve = 0.83). Within our sample, MMSE provided a sensitivity and specificity of 33% and 94% for identifying the combined group of MCI and AD, using a previously established cutoff of below 24 for cognitive impairment. Interestingly, when only AD participants were considered as the cognitively impaired group, sensitivity and specificity of 100% and 38% were achieved. These findings were in agreement with previous work suggesting MMSE provide better sensitivity in identifying more progressed stages of cognitive impairment, rather than MCI 28 . Using MoCA with a cutoff of below 26 for cognitive impairment, within our sample, combined groups of MCI and AD were identified with a sensitivity and specificity of 96% and 67%. The sensitivity of MoCA increased to 100% when only AD participants were considered as the cognitively impaired group; while specificity dropped to 38%. These values of sensitivity and specificity were similar but lower than previously reported values for MoCA, which were 90% sensitivity and 87% specificity 27 . Overall, these findings suggest that MoCA provides a very sensitive and rather specific tool for screening MCI and early AD. Comparing UEF with MMSE, UEF may be advantageous in discriminating between MCI and CN. Further, UEF prediction accuracy was found to be comparable to MoCA for identifying MCI and AD.
Among several parameters related to motor performance the agility, measured by the flexion number, and the variability, measured by ROM and flexion variability were the only predicting parameters included in cognitive indexes. This is in agreement with our previous findings 17, 18 , as well as previous research on gait dual-task; gait variability and stride velocity within the dual-task condition have been reported as the most sensitive parameters for assessing cognitive impairment, compared to other spatial-temporal gait parameters 12, 38, 40, 47 .
Results from ANOVA and logistic models showed that dual-task performance provides a better distinction of cognitive status compared to dual-task cost, especially when performing normal self-selected pace testing. The calculation of dual-task cost was included here to account for musculoskeletal deficits, by normalizing the dual-task performance for each participant using the single-task baseline. However, dual-task cost parameters could not discriminate as well here, and therefore, only dual-task parameters were included in the UEF cognitive models. We believe performing normal speed dual-task instead of rapid elbow flexion could minimize www.nature.com/scientificreports www.nature.com/scientificreports/ the influence of musculoskeletal deficits on cognitive task performance. Further, the main goal of this study was to develop a clinically "quick" screening tool for cognitive assessment. Accordingly, employing an index that involves only one 60-second trial (instead of two 60-second trials) would be advantageous for busy clinical settings. Also, unlike walking that can be excessively influenced by muscle strength, reflexive performance, and dynamic balance deficits, elbow flexion is a less musculoskeletal demanding task, which may be more suitable for cognitive assessment.
Parameters related to the performance of the secondary task were not selected in the index model because they did not improve models of cognitive status with motor performance. Although results also showed significant differences in cognitive task performance among cognitive groups, for between-group comparisons, higher effect sizes were achieved for UEF motor task parameters (Tables 3 and 4 ).
The effect of motor and cognitive task conditions. Interestingly, unlike what was hypothesized, increasing the cognitive task difficulty did not noticeably influence the cognitive status predictions, especially within normal self-selected pace of elbow flexion. Although, within rapid motor task function, increasing the cognitive task difficulty slightly enhanced the UEF index cognitive prediction (by 4%), this influence was not observed within normal speed elbow flexion. Previous studies suggested that in dual-task testing the cognitive task should be sufficiently challenging to bring individuals near the limit of their ability 48 . Within this study, for the first time, we investigated the execution of an uncommon motor function and asked participants to perform this task as consistently as possible. Results from the current study suggest performing an uncommon motor task (rather than a motor task that is performed on daily basis such as walking), may require some skill-learning factors and consequently provide higher degrees of brain cortex challenges 49 . Accordingly, working memory www.nature.com/scientificreports www.nature.com/scientificreports/ may primarily get involved in learning this new motor task as well as counting numbers 50, 51 , and therefore, even a simpler task of counting backward by ones could push MCI and early AD participants to show motor function deficits within dual-tasking. Nonetheless, the hypothesis of skill-learning factors within UEF should be confirmed in future research using brain imaging evidence (e.g., fMRI).
Overall, asking participants to perform the motor task consistently, rather than rapidly, improved the MCI and AD predictions by roughly 9%. Due to the imposed risk of falling within the rapid gait, especially when it is combined with a cognitive task, limited research exists to investigate differences in dual-task performance with respect to motor task execution speed in gait studies 52 . More specifically, to the best of our knowledge, no study exists to compare the quality of cognitive impairment predictions in older adults using both normal and rapid speed walking 53, 54 . Current findings, for the first time, provide evidence that performing dual-task consistently with a desired speed can be advantageous over rapid motor task execution for cognitive impairment assessment among elders.
Limitations and future direction. Several confounding parameters, including age, depression, comorbidity, and physical frailty were considered for adjustment within the current study. However, other potential confounding variables inherently may exist for performing UEF as a cognitive screening tool, such as the level of education and severe elbow arthritis. Within the current approach, an index was developed that only relies on motor function performance, and therefore, minimizes the influence of education level in cognitive screening. Further, previous research and our previous UEF motor function assessment showed most elders with arthritis are still able to perform UEF as it involves elbow flexion (rather than other joints prone to injury such as shoulder) 15 . Due to the selection criteria, the generalizability of the current findings is limited to MCI of the Alzheimer's type and early AD (groups chosen to reduce between-subject variability within our small sample size). However, as AD is the most common type of dementia, we believe current findings could provide a promising screening tool for assessing cognitive impairment in most older adults, with potential future use for other dementias. In follow-up studies to the current study, we will address this limitation by recruiting participants with other definitively diagnosed types of dementia.
Also, the current study lacks intra-and inter-rater reliability assessments; however, UEF was tested four times within the current experimental setup, and consistent results were observed within ANOVA models and UEF index development. Further, within several studies, the UEF motor task has been validated for frailty assessment among larger samples of older adults within different experimental settings. Of note, in continuation of this research, we will incorporate the UEF cognitive index into the original UEF frailty score.
Within the current study the UEF is validated to provide a sensitivity and specificity of 0.82 and 0.72, respectively. Although the specificity of UEF for identifying AD is not high, we believe, for the purpose of screening AD, UEF would provide acceptable sensitivity. Although acceptable sensitivity was achieved using UEF parameters and findings support consistency in current findings, the accuracy of cognitive status prediction may further be improved using dynamic analysis of elbow flexion motion. Within gait trials, several approaches have been implemented previously for regularity (repeatability) and stability assessment of dynamic motion within gait trials. The same approaches can be implemented within the current setup, which will be addressed in our future studies.
Finally, the association between UEF cognitive score (and its components) with neuropsychological tests has not been investigated here. In future research, we will assess the association between the developed UEF cognitive index with different components of cognitive impairments within neuropsychological tests, including working memory, attention, and executive functioning deficits within our cohort.
Conclusion
Within the current study, for the first time, we assess the association between UEF dual-task among elders with clinically diagnosed cognitive impairments. Findings suggest that both speed and accuracy of motor function performance provide physiologically meaningful outcomes for screening cognitive impairment among older adults, especially when individuals are asked to perform the motor function as consistently as possible. Further, within the current sample, no noticeable difference was observed in predicting the cognitive status by implementing more challenging cognitive task (counting backward by threes versus ones). Overall, the current study showed promise in implementing UEF cognitive index as a simple and quick tool for screening cognitive impairment, which can make the motor function task less demanding and more suitable for elders with mobility impairments.
